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Research

Thyroid hormones play a vital role in many 
physiological processes including fetal and 
child growth and brain development, as well 
as energy balance, metabolism, and other 
functions in the nervous, cardio vascular, pul-
monary, and reproductive systems of children 
and adults (Diamanti-Kandarakis et al. 2009; 
Miller et al. 2009). Recent studies of humans, 
animals, and in vitro screening assays provide 
evidence that exposures to chemicals com-
monly encountered in our environment, such 
as phthalates and bisphenol A (BPA), may 
affect thyroid signaling through a number 
of potential mechanisms (Boas et al. 2006; 
Zoeller 2007).

Phthalates and BPA are high-production 
chemicals used in a variety of applications 
related to consumer products, and exposure to 
these chemicals among the general popu lation 
is widespread [Centers for Disease Control 
and Prevention (CDC) 2010]. The poten-
tial for these agents to alter thyroid signaling 
has recently gained increased attention. For 
example, recent studies have reported declines 
in meas ures of brain develop ment in relation 
to phthalates (Cho et al. 2010; Engel et al. 
2009, 2010; Kim et al. 2009) and BPA (Braun 
et al. 2009), and thyroid signaling has been 
hypothe sized as one potential mechanism 

involved in these associations. Studies sug-
gest that altered thyroid function may also 
be involved in relationships between these 
chemicals and increased waist circumference, 
insulin resistance, and diabetes among adults 
(Galloway et al. 2010; Hatch et al. 2010; Lang 
et al. 2008). However, limited human stud-
ies have investigated the relationship between 
exposure to phthalates or BPA and altered thy-
roid signaling. Mono(2-ethylhexyl) phthalate 
(MEHP), the urinary mono ester metabolite 
of the plasticizer di(2-ethylhexyl) phthalate 
(DEHP), was inversely associated with serum 
free thyroxine (T4) and total triiodo thyronine 
(T3) levels in a cross-sectional study of 408 men 
attending a U.S. infertility clinic (Meeker et al. 
2007). Urinary DEHP metabolites were also 
inversely related to total and free T3 levels in 
a recent cross-sectional study of 845 Danish 
children (Boas et al. 2010). In animal studies, 
rats with diets contaminated with DEHP were 
found to have thyroid alterations and lower 
plasma T4 concentrations compared with 
controls (Hinton et al. 1986; Howarth et al. 
2001; Poon et al. 1997; Price et al. 1988). In 
addition, a recent in vitro study reported that 
DEHP and other phthalates caused changes 
in the iodide uptake of thyroid follicular cells 
(Wenzel et al. 2005).

Dibutyl phthalate (DBP), a lower molecu lar 
weight phthalate used as a plasticizer and in 
adhesives, solvents, and certain personal care 
products, may also affect thyroid signaling. 
DBP metabolite concentrations in urine were 
inversely related to serum levels of total and 
free T3 in a study of Danish children (Boas 
et al. 2010) and inversely related to serum 
levels of total and free T4 in a Taiwanese study 
of 76 pregnant women (Huang et al. 2007). 
O’Connor et al. (2002) reported a dose- 
dependent inverse association between DBP 
and T3 and T4 levels in male rats. BPA, which 
is used in polycarbonate plastic, epoxy resins, 
and other products, has also been reported to 
exert effects on the thyroid receptor in experi-
mental studies (Diamanti-Kandarakis et al. 
2009; Wetherill et al. 2007). Human studies 
of BPA and thyroid hormones are lacking, 
although a suggestive inverse relationship was 
observed between urinary BPA concentrations 
and thyroid-stimulating hormone (TSH) in 
a cross-sectional study of 167 men from an 
infertility clinic (Meeker et al. 2010).

The present analysis was carried out to 
investigate whether urinary biomarkers of 
exposure to DEHP, DBP, and BPA were 
associated with thyroid function measures col-
lected in the National Health and Nutrition 
Examination Survey (NHANES) 2007–2008, 
a stratified multi stage probability sample of 
the civilian non institutionalized population 
of the United States.

Methods
The present analysis included measurements 
from 2 years of NHANES data, 2007–2008. 
NHANES is an ongoing cross-sectional study 
designed to collect nationally representative 
data on dietary intake and disease. Methods 
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Background: Limited animal, in vitro, and human studies have reported that exposure to 
 phthalates or bisphenol A (BPA) may affect thyroid signaling.

oBjective: We explored the cross-sectional relationship between urinary concentrations of metabo-
lites of di(2-ethylhexyl) phthalate (DEHP), dibutyl phthalate (DBP), and BPA with a panel of 
serum thyroid measures among a representative sample of U.S. adults and adolescents.

Methods: We analyzed data on urinary biomarkers of exposure to phthalates and BPA, serum 
thyroid meas ures, and important covariates from 1,346 adults (ages ≥ 20 years) and 329 adoles-
cents (ages 12–19 years) from the National Health and Nutrition Examination Survey (NHANES) 
2007–2008 using multivariable linear regression.

results: Among adults, we observed significant inverse relationships between urinary DEHP 
metabolites and total thyroxine (T4), free T4, total triiodo thyronine (T3), and thyroglobulin, and 
positive relationships with thyroid-stimulating hormone (TSH). The strongest and most consistent 
relationships involved total T4, where adjusted regression coefficients for quintiles of oxidative 
DEHP metabolites displayed monotonic dose-dependent decreases in total T4 (p-value for trend 
< 0.0001). Suggestive inverse relationships between urinary BPA and total T4 and TSH were also 
observed. Conversely, among adolescents, we observed significant positive relationships between 
DEHP metabolites and total T3. Mono(3-carboxypropyl) phthalate, a secondary metabolite of both 
DBP and di-n-octyl phthalate, was associated with several thyroid meas ures in both age groups, 
whereas other DBP metabolites were not associated with thyroid measures.

conclusions: These results support previous reports of associations between phthalates—and 
possibly BPA—and altered thyroid hormones. More detailed studies are needed to determine the 
temporal relationships and potential clinical and public health implications of these associations.
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for demographic and survey data collection 
are described in detail elsewhere [National 
Center for Health Statistics (NCHS) 2010b].

Urinary phthalate metabolites and 
BPA. Urine samples collected at a mobile 
examination center collection were stored 
at 4°C or frozen at –20°C and then shipped 
to the Division of Environmental Health 
Laboratory Sciences, CDC, for analysis. 
Measurement of urinary phthalate metabolite 
concentrations was conducted using online 
solid-phase extraction (SPE), isotope dilu-
tion, and high-performance liquid chroma-
tography (HPLC) separation, followed by 
electrospray ionization and tandem mass 
spectrometry (MS/MS), as described in detail 
elsewhere (NCHS 2010d; Silva et al. 2004). 
Urinary BPA concentrations were meas ured 
using online SPE coupled to isotope dilution, 
HPLC, and atmospheric pressure chemical 
ionization–MS/MS (NCHS 2010c; Ye et al. 
2005). Quality control procedures for all ana-
lytes followed those described by Westgard 
et al. (1981), and values below the limit of 
detection (LOD) were replaced with a value 
of the LOD divided by the square root of 2 
(Hornung and Reed 1990). 

In addition to urinary BPA, we focused our 
analyses on primary and secondary metabo lites 
of DEHP [MEHP and three oxidized DEHP 
metabolites: mono(2-ethyl-5-hydroxy hexyl) 
phthalate (MEHHP), mono(2-ethyl-5-oxo-
hexyl) phthalate (MEOHP), and mono(2-
ethyl-5-carboxy pentyl) phthalate (MECPP)] 
and DBP [mono-n-butyl phthalate (MnBP), 
mono-isobutyl phthalate (MiBP), and mono(3-
carboxy propyl) phthalate (MCPP), an oxidized 
metabolite of both DBP and di-n-octyl phtha-
late (DOP)], because previous studies have 
suggested that exposure to these phthalates or 
their metabolites may be associated with altered 
thyroid hormones.

Because all urinary biomarker concentra-
tions were right-skewed, the data were trans-
formed using the natural logarithm (ln) prior 
to analysis. In addition, metabolite measure-
ments were creatinine standardized for presen-
tation of descriptive statistics and calculation 
of simple correlations by dividing metabo lite 
concentrations by urinary creatinine (micro-
grams per gram creatinine). For regression 
analysis, we used unadjusted metabolite levels; 
urinary creatinine was included as a covariate 
in all models (Barr et al. 2005).

Serum thyroid measures. The NHANES 
thyroid panel, including measures of free and 
total T3 and T4, TSH, and thyroglobulin, 
was meas ured in serum collected at the same 
time as urine samples and analyzed using vari-
ous immuno enzymatic assays as described 
elsewhere (NCHS 2009). Because of limited 
serum available for thyroid hormone analysis, 
this aspect of the study excluded all children 
under 12 years of age. All distributions except 

total T3 and total T4 were right-skewed and 
ln-transformed for analysis.

Covariates. Demographic data were col-
lected in an in-home survey component of 
NHANES. From these data, we examined 
age, sex, race and ethnicity, and education 
level as potential confounding variables. From 
exami na tion and laboratory data we consid-
ered body mass index (BMI), serum cotinine 
(log-transformed) as a measure of exposure 
to tobacco smoke, and urinary iodine (log-
transformed). Variables were evaluated for 
inclusion by examining bivariate relation ships 
with urinary bio markers and serum thyroid 
measures and by their significance in full 
models. Variables that were significantly asso-
ciated with one or more urinary biomarkers 
or serum thyroid measures or that were statis-
tically significant (α = 0.05) in more than one 
multi variable model were included in the final 
models. All models were adjusted for the same 
covariates for consistency.

Statistical analysis. There were 2,035 
subjects ≥ 12 years of age available who had 
data for one or more of the urinary phthalate 
metabo lites, urinary BPA, urinary creatinine, 
and one or more of the thyroid measures. We 
excluded from our analysis 164 subjects with a 
reported history of thyroid disease, 20 women 
who were pregnant, and 88 subjects with 
data missing for age. We also excluded 3 sub-
jects with outlying/influential values, which 
included 2 subjects with outlying high levels 
of free and total T3 and T4 and low levels of 
TSH, as well as 1 subject with outlying high 
levels of total T4. This resulted in 1,760 total 
subjects available for analysis. An additional 
85 participants were missing data on covariates 
(14 missing BMI, 3 missing serum cotinine, 
and 68 missing urinary iodine) and were not 
included in the multi variable models, leaving 
1,675 participants (1,346 adults and 329 ado-
lescents 12–19 years of age).

Data analysis was performed using SAS 9.2 
(SAS Institute Inc., Cary, NC). NHANES data 
are collected using a complex, multi stage study 
design. For our analysis, we used 2-year weights 
for individual probabilities drawn from the 
urinary biomarker data sets according to the 
NCHS web tutorial (NCHS 2010a) to account 
for the sampling method. In addition, stratum 
and cluster weights were included in regression 
models to correct for the study design. For 
comparison, we also constructed models that 
did not include the sample weights, because 
the weighted method may result in an inef-
ficient analysis due to the large variability in 
assigned weights, and because adjustments for 
variables used in the creation of weights (such 
as age, sex, and ethnicity) are already included 
in the full models (Korn and Graubard 1991).

In descriptive analyses, we explored differ-
ences in urinary biomarker or serum thyroid 
measures between categories using Wilcoxon 

rank-sum or Kruskal-Wallis tests. Spearman 
rank correlations were calculated to assess 
relationships between continuous variables. 
Because of significant differences in thyroid 
hormone levels in adolescents compared with 
adults in these data, we separated our data 
set into two groups (ages 12–19 years and 
> 20 years) in subsequent analyses.

We then constructed full multi variable 
linear regression models with serum thy-
roid meas ures as the dependent variable and 
individual ln-transformed urinary phthalate 
metabo lite or BPA concentration as a predic-
tor along with age (continuous variable), sex 
(dichotomous), race and ethnicity (categori-
cal), ln-transformed serum cotinine (continu-
ous), BMI (continuous), ln-transformed iodine 
(continuous), and ln-transformed urinary 
creatinine (continuous) as covariates. Analyses 
were performed both with and without includ-
ing the sample weights to examine the effects 
of weighting. Secondary analyses were con-
ducted by repeating all models when stratify-
ing on sex. Regression results are presented as 
the change in thyroid meas ure associated with 
a unit increase in ln-transformed phthalate 
metabolite concentration. To improve inter-
pretability, we also provide several examples 
in the “Results” where we back-transformed 
the regression coefficient to represent a change 
in hormone measure associated with an 
interquartile range (IQR) increase in urinary 
phthalate metabolite concentration. Finally, 
for urinary exposure biomarkers detected in 
> 80% of samples, we explored evidence for 
non linear relationships by assessing relation-
ships between urinary phthalate metabolite or 
BPA quintiles and serum thyroid measures. 
Tests for trend were conducted for ordinal uri-
nary biomarker quintiles in regression models 
using integer values (0–4).

Results
Population characteristics and distributions 
of urinary phthalate metabolites, BPA, and 
serum thyroid measures are presented in 
Supplemental Material, Tables 1–3 (http://
dx.doi.org/10.1289/ehp.1103582). As reported 
in previous NHANES investigations (Calafat 
et al. 2008; CDC 2010; Silva et al. 2004), we 
observed associations between urinary phtha-
lates and/or BPA and age, race, sex, and BMI 
(data not shown). All of the urinary biomarkers 
included in the analysis were also positively and 
moderately correlated with urinary iodine, and 
positively but weakly correlated with serum 
cotinine (data not shown). Several thyroid 
measures were also associated with age, race, 
sex, BMI, cotinine, and urinary iodine (data 
not shown).

Results of the multivariable regression  
analy sis conducted among the adults (≥ 20 
years of age; n = 1,346) are presented in 
Tables 1 and 2. In the analysis unweighted 
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for sampling strategy (Table 1), we observed 
significant inverse relationships between all 
four DEHP metabolites (MEHP, MEHHP, 
MEOHP, and MECPP) and total T4. For 
example, for the median total T4 level among 
adults in this population (7.6 µg/mL), an 
IQR increase in MEHHP was associated with 
a 4.1% [95% confidence interval (CI), –5.9 
to –2.6] decline in total T4. There was also an 
inverse association between MEHHP and free 
T4 and between MCPP and free T3. Urinary 
BPA was inversely related to total T4 as well, 
where an IQR increase in BPA was associ-
ated with a 1.7% (95% CI, –3.5 to –0.01) 
decline in total T4. In the results weighted 
for sampling strategy (Table 2), the signifi-
cant inverse relationships remained between 
DEHP metabolites and total T4 and between 

MCPP and free T3. The coefficients were 
similar between modeling approaches but 
were less precise in the weighted models. The 
inverse relationships between DEHP metabo-
lites and free T4 and between BPA and total 
T4 were weakened when the sample weights 
were included. However, several other signifi-
cant associations emerged. There were larger 
(farther from the null) and statistically sig-
nificant regression coefficients involving total 
T3, TSH, and thyroglobulin, where multiple 
DEHP metabolites were positively associated 
with TSH and inversely associated with total 
T3 and thyroglobulin. No significant relation-
ships involving MiBP or MnBP were observed 
with either modeling approach.

When the analysis of adults was stratified 
by sex, associations between urinary phthalate 

or BPA concentrations and free and total T4, 
total T3, and TSH were consistent between 
groups. The primary difference between males 
and females involved the regression coeffi-
cients for thyro globulin. Significant or sug-
gestive inverse associations (p-values ranging 
from 0.04 to 0.1) were observed between all 
four DEHP metabo lites and thyro globulin 
among females, whereas among males coef-
ficients were positive and did not approach 
statistical significance (p-values ranged from 
0.4 to 0.9; results not shown). When urinary 
BPA or phthalates were categorized into quin-
tiles, we observed the same overall patterns. 
For example, Figures 1A–D show the rela-
tionship between MEHHP quintiles and total 
T4, free T4, total T3, and TSH, respectively. 
We observed a strong monotonic inverse 

Table 1. Adjusted regression coefficients (95% CIs) for change in serum thyroid measure in relation to a unit increase in ln-transformed urinary phthalate or BPA 
concentration among adults (≥ 20 years of age; n = 1,346), with results unweighted for sampling strategy.a 
Analyte β (95% CI) p-Value β (95% CI) p-Value β (95% CI) p-Value

Total T4 (µg/mL) ln-Free T4 (ng/dL) ln-TSH (µIU/mL)
MEHP –0.14 (–0.22 to –0.071) 0.0001 –0.0039 (–0.012 to 0.0041) 0.34 –0.002 (–0.033 to 0.030) 0.92
MEHHP –0.19 (–0.27 to –0.12) < 0.0001 –0.0085 (–0.017 to –0.00035) 0.04 0.022 (–0.010 to 0.054) 0.18
MEOHP –0.17 (–0.25 to –0.099) < 0.0001 –0.0075 (–0.016 to 0.00072) 0.07 0.020 (–0.013 to 0.053) 0.23
MECPP –0.19 (–0.27 to –0.11) < 0.0001 –0.0071 (–0.016 to 0.0018) 0.12 0.020 (–0.015 to 0.055) 0.26
MiBP 0.020 (–0.075 to 0.11) 0.68 0.0010 (–0.0094 to 0.011) 0.86 –0.013 (–0.054 to 0.028) 0.52
MnBP 0.054 (–0.039 to 0.15) 0.26 0.0038 (–0.0065 to 0.014) 0.46 –0.022 (–0.062 to 0.019) 0.30
MCPP –0.079 (–0.17 to 0.011) 0.08 –0.0022 (–0.012 to 0.0077) 0.66 0.009 (–0.030 to 0.048) 0.66
BPA –0.095 (–0.19 to –0.00063) 0.049 0.0011 (–0.0093 to 0.011) 0.84 –0.032 (–0.073 to 0.0090) 0.13
 Total T3 (ng/dL) ln-Free T3 (pg/mL) ln-Thyroglobulin (ng/mL)
MEHP –0.78 (–1.83 to 0.28) 0.15 –0.0014 (–0.0063 to 0.0034) 0.56 –0.028 (–0.077 to 0.022) 0.27
MEHHP –0.89 (–1.96 to 0.17) 0.10 –0.0027 (–0.0071 to 0.0027) 0.38 –0.027 (–0.077 to 0.023) 0.29
MEOHP –0.96 (–2.04 to 0.12) 0.08 –0.0030 (–0.0079 to 0.0020) 0.24 –0.031 (–0.081 to 0.020) 0.23
MECPP –0.56 (–1.73 to 0.61) 0.34 –0.0004 (–0.0057 to 0.0050) 0.89 –0.022 (–0.076 to 0.033) 0.44
MiBP 0.77 (–0.59 to 2.12) 0.27 –0.0012 (–0.0074 to 0.0051) 0.72 –0.018 (–0.081 to 0.045) 0.58
MnBP 1.25 (–0.10 to 2.59) 0.07 0.0002 (–0.0059 to 0.0064) 0.94 –0.021 (–0.084 to 0.042) 0.51
MCPP –0.44 (–1.73 to 0.85) 0.51 –0.0072 (–0.013 to –0.0013) 0.02 –0.007 (–0.067 to 0.053) 0.82
BPA –0.84 (–2.19 to 0.52) 0.23 –0.0002 (–0.0064 to 0.0060) 0.95 –0.028 (–0.092 to 0.035) 0.38
aAdjusted for age, sex, race, BMI, ln-serum cotinine, ln-urinary creatinine, and ln-urinary iodine; 10 participants were missing data for BMI, 1 for serum cotinine, and 48 for urinary 
iodine. 

Table 2. Adjusted regression coefficients (95% CIs) for change in serum thyroid measure in relation to a unit increase in ln-transformed urinary phthalate or BPA 
concentration among adults (≥ 20 years of age; n = 1,346), with results weighted for sampling strategy.a 
Analyte β (95% CI) p-Value β (95% CI) p-Value β (95% CI) p-Value

Total T4 (µg/mL) ln-Free T4 (ng/dL) ln-TSH (µIU/mL)
MEHP –0.13 (–0.22 to –0.045) 0.006 –0.0054 (–0.020 to 0.0091) 0.44 0.028 (–0.0013 to 0.057) 0.06
MEHHP –0.21 (–0.32 to –0.11) 0.0006 –0.010 (–0.027 to 0.0066) 0.22 0.046 (0.012 to 0.081) 0.01
MEOHP –0.19 (–0.36 to –0.086) 0.001 –0.0088 (–0.026 to 0.0081) 0.28 0.047 (0.012 to 0.082) 0.01
MECPP –0.23 (–0.33 to –0.13) 0.0002 –0.011 (–0.027 to 0.0057) 0.19 0.041 (0.0057 to 0.077) 0.03
MiBP 0.0003 (–0.11 to 0.11) 0.99 0.0005 (–0.011 to 0.012) 0.93 0.010 (–0.057 to 0.078) 0.75
MnBP 0.018 (–0.12 to 0.15) 0.78 0.0056 (–0.013 to 0.024) 0.54 –0.015 (–0.077 to 0.047) 0.62
MCPP –0.088 (–0.20 to 0.029) 0.13 0.0007 (–0.015 to 0.016) 0.92 0.007 (–0.030 to 0.044) 0.70
BPA –0.056 (–0.12 to 0.0071) 0.08 0.0036 (–0.010 to 0.017) 0.59 0.001 (–0.051 to 0.054) 0.96
 Total T3 (ng/dL) ln-Free T3 (pg/mL) ln-Thyroglobulin (ng/mL)
MEHP –0.83 (–2.17 to 0.051) 0.21 –0.00003 (–0.0085 to 0.0085) 0.99 –0.041 (–0.085 to 0.0025) 0.06
MEHHP –1.49 (–2.72 to –0.26) 0.02 –0.0021 (–0.0082 to 0.0040) 0.47 –0.057 (–0.099 to –0.015) 0.01
MEOHP –1.36 (–2.54 to –0.18) 0.03 –0.0024 (–0.0082 to 0.0035) 0.40 –0.058 (–0.099 to –0.018) 0.008
MECPP –1.37 (–2.89 to 0.15) 0.07 0.0004 (–0.0063 to 0.0070) 0.91 –0.054 (–0.092 to –0.016) 0.009
MiBP 0.30 (–1.84 to 2.42) 0.77 –0.0041 (–0.011 to 0.0031) 0.25 –0.013 (–0.12 to 0.094) 0.80
MnBP 1.03 (–1.66 to 3.71) 0.43 –0.0019 (–0.0082 to 0.0044) 0.53 –0.021 (–0.095 to 0.053) 0.56
MCPP –0.97 (–2.59 to 0.65) 0.22 –0.0079 (–0.014 to –0.0023) 0.009 –0.035 (–0.12 to 0.045) 0.36
BPA –0.94 (–2.45 to 0.56) 0.20 0.0021 (–0.0079 to 0.012) 0.66 –0.030 (–0.092 to 0.031) 0.31
aAdjusted for age, sex, race, BMI, ln-serum cotinine, ln-urinary creatinine, and ln-urinary iodine; 10 participants were missing data for BMI, 1 for serum cotinine, and 48 for urinary 
iodine. 
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relationship between MEHHP quintiles and 
total T4 (p for trend < 0.0001; Figure 1A). 
There was a suggestive inverse trend between 
MEHHP quintiles and free T4 (p for 
trend = 0.09; Figure 1B) and a suggestive posi-
tive trend between MEHHP quintiles and 
TSH (p for trend = 0.06; Figure 1D). There 
was evidence of a non monotonic relation-
ship between MEHHP quintiles and free T3 
(Figure 1C), where free T3 levels in the third 
and fourth quintiles were significantly reduced 
compared with the lowest MEHHP quin-
tile. Results for MEOHP and MECCP (not 
shown) were similar to those for MEHHP. 
Relationships between urinary BPA quintiles 
and total T4, free T4, total T3, and TSH are 
presented in Figure 2A–D, respectively. We 
observed suggestive inverse trends for BPA 
quintiles and total T4 (p for trend = 0.05; 
Figure 2A) and TSH (p for trend = 0.14; 
Figure 2D).

Results of the multivariable regression 
analysis conducted among the adolescents 
(12–19 years of age) are presented in Table 3. 
The sample size available for analysis was 
much smaller than for the adults (n = 329). 
However, significant positive associations 
between DEHP metabolites and total T3 were 
observed in both the weighted [Supplemental 
Material, Table 4 (http://dx.doi.org/10.1289/
ehp.1103582)] and unweighted (Table 3) 
models. An IQR increase in MEHHP was 
associated with a 3.8% (95% CI, 0.7 to 6.6) 
and 5.5% (95% CI, 2.1 to 9.0) increase in 
total T3 in the unweighted and weighted 
models, respectively, relative to the median 
T3 level among the adolescents (126 ng/dL). 
In the unweighted models (Table 3), the sec-
ondary DEHP metabolites were also posi-
tively associated with TSH; these relationships 
were weakened when sampling weights were 
included in the models (see Supplemental 
Material, Table 4). There were also significant 
inverse associations between MCPP and free 
and total T4 among this age group in both 
the weighted and unweighted analysis. When 
stratifying the analysis among adolescents by 
sex, the regression coefficients were of similar 
magnitude for both groups, with the excep-
tion of TSH, where the positive relation ships 
with the secondary DEHP metabolites was 
stronger among females (data not shown).

Discussion
In our analysis of data available from 
NHANES 2007–2008, we found consistent 
evidence for inverse relationships between 
urinary metabolites of DEHP and total T4 
in adult partici pants. Depending on whether 
sampling weights were included in the mod-
els to account for the sampling design, we 
also found evidence for associations between 
DEHP metabolites and reduced total T3, free 
T4, and thyroglobulin, and increased TSH. 

These results were somewhat consistent with a 
previous study of 408 men recruited through 
a U.S. infertility clinic that reported inverse 
associations between urinary MEHP and 
serum levels of free T4 and total T3 (Meeker 
et al. 2007). However, no relation ships were 
observed between phthalate metabo lites and 
TSH in the previous study, and total T4 and 

free T3 were not measured. The present results 
are also consistent with limited animal studies 
reporting that rats fed DEHP through the diet 
displayed histo pathologic alterations in the 
thyroid indicative of hyper activity, increased 
thyro globulin turn over, and significantly 
decreased plasma T4 levels (Hinton et al. 
1986; Howarth et al. 2001; Poon et al. 1997; 

Figure 1. Adjusted regression coefficients [β (95% CI)] for change in serum thyroid measure in relation to 
urinary MEHHP quintiles (p-value for trend) for (A) total T4 (< 0.0001), (B) free T4 (0.09), (C) free T3 (0.20), and 
(D) TSH (0.06). Values are adjusted for age, sex, race, BMI, ln-serum cotinine, ln-urinary creatinine, and 
ln-urinary iodine. 
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Price et al. 1988). More recently, in vitro stud-
ies have reported that DEHP acts as thyroid 
receptor antagonist (Ghisari and Bonefeld-
Jorgensen 2009; Shen et al. 2009; Shi et al. 
2011) and alters sodium-iodide symporter 
(NIS)–mediated iodide uptake (Wenzel et al. 
2005). Although human and experimental 
studies on phthalates and thyroid function are 
currently limited, the results of those studies, 
along with the nature of the relationships we 
observed in the present study, may provide 
some general mechanistic clues. Our observa-
tion in adults that DEHP metabolites were 
inversely associated with thyroid hormones 
and thyro globulin but positively associated 
with TSH suggest that DEHP exposure is 
associated with alterations in thyroid hormone 
synthesis, release, transport, or metabolism 
as opposed to effects on the hypothalamus or 
anterior pituitary. However, more detailed 
studies are needed to more precisely identify 
potential sites and mechanisms of action.

Results among participants 12–19 years 
of age were inconsistent with those from the 
adults. Although the sample size for this age 
group was considerably smaller, we found 
evidence of positive relationships between 
DEHP metabolites and T3 and TSH. As far 
as we are aware, associations between phtha-
lates and thyroid hormone levels have not 
been explored in this age range in previous 
human studies. However, these findings are 
in contrast to a Danish study of 845 chil-
dren (4–9 years of age) that reported inverse 
relationships between metabo lites of DEHP 
(and other phthalates) and free and total T3 
(Boas et al. 2010). Although differences in 
study populations and ages may account for 
these differences in association, differences in 
exposure levels between popu lations may also 
be involved. The median (75th percentile) 

MEHP concentration among adolescents in 
the present study was 2.0 (4.5) µg/g creati-
nine compared with 6.8 (11.0) µg/g creati-
nine in the Danish study. Alternatively, it is 
possible that the positive associations between 
DEHP metabolites and T3 among adolescents 
reported here could be a chance finding or 
due to residual confounding. For example, 
T3 levels are elevated in childhood until 
approximately 10 years of age and then decline 
gradually but significantly throughout ado-
lescence until normal adult levels are reached 
(Corcoran et al. 1977). Although we adjusted 
for age and BMI in our models, the beginning 
of the decline in circulating T3 coincides with 
the onset of puberty (Corcoran et al. 1977). 
Adolescents at the ages studied here repre-
sent a wide range of developmental stages, and 
stages of development between individuals of 
the same age can vary greatly. Thus, within a 
certain age, more-developed children would 
be expected to have lower T3 levels than less-
developed children of the same age. Further, 
like total T3, DEHP metabo lite concentrations 
are inversely associated with age (CDC 2010; 
Silva et al. 2004). If these elevated phthalate 
concentrations among younger people are also 
due to develop mental stage, where smaller and 
less-developed children with the same exposure 
to DEHP would experience a greater dose per 
body weight and excrete greater concentrations 
of DEHP metabolites (and/or lower concen-
trations of creatinine) in urine compared with 
larger and more developed children, there may 
have been residual confounding that resulted 
in the positive relationships observed. Future 
studies of adolescents should consider other 
anthropometric measures, as well as informa-
tion on pubertal stage, when assessing relation-
ships between urinary phthalate metabolites 
and thyroid hormone levels.

Urinary MCPP, an oxidized metabolite 
of both DBP and DOP, was associated with 
decreased thyroid hormones in several models 
among both adults and children. Although 
data on the potential effects of DOP on thy-
roid function in the literature are limited, high 
concentrations of DOP were associated with 
thyroid histological changes and reduced fol-
licle size and colloid density in rats (Poon et al. 
1997). DOP also up-regulated—while DBP 
down-regulated—sodium/iodide symporter 
(NIS) gene transcription in an in vitro study 
of human thyroid PCCL3 cells (Breous et al. 
2005). DOP and DBP were also detected in 
the well water supply in an iodine-sufficient 
yet endemic goiter area of western Colombia 
(Gaitan 1983).

In the present study, we did not find evi-
dence for associations between the primary 
DBP metabolites (MnBP and MiBP) and 
serum thyroid markers among adults or ado-
lescents in NHANES 2007–2008. This is 
consistent with the previous study of adult 
men attending an infertility clinic (Meeker 
et al. 2007) but inconsistent with a smaller 
study of pregnant women (n = 76) in which 
statistically significant inverse relationships 
were reported between urinary MBP and 
serum levels of free and total T4 (Huang et al. 
2007). In addition to an inverse relation-
ship between urinary DEHP metabolites and 
free and total T3 reported in Danish chil-
dren described above, Boas et al. (2010) also 
reported inverse relation ships between urinary 
MBP and total T3 among girls and between 
MBP and free T3 among boys. One potential 
explanation for these inconsistencies could be 
the differences in exposure levels between the 
populations. For example, the median (75th 
percentile) urinary MBP (MnBP + MiBP) 
concentrations in the Danish children were 

Table 3. Adjusted regression coefficients (95% CIs) for change in serum thyroid measure in relation to a unit increase in ln-transformed urinary phthalate or BPA 
concentration among adolescents (12–19 years of age; n = 329), with results unweighted for sampling strategy.a

Analyte β (95% CI) p-Value β (95% CI) p-Value β (95% CI) p-Value

Total T4 (µg/mL) ln-Free T4 (ng/dL) ln-TSH (µIU/mL)
MEHP 0.050 (–0.093 to 0.19) 0.49 –0.0042 (–0.018 to 0.0096) 0.55 0.012 (–0.039 to 0.063) 0.64
MEHHP 0.044 (–0.10 to 0.19) 0.55 –0.0029 (–0.017 to 0.011) 0.68 0.064 (0.013 to 0.12) 0.01
MEOHP 0.045 (–0.10 to 0.19) 0.55 –0.0037 (–0.018 to 0.011) 0.61 0.067 (0.015 to 0.12) 0.01
MECPP 0.085 (–0.081 to 0.25) 0.32 –0.0024 (–0.018 to 0.014) 0.77 0.070 (0.012 to 0.13) 0.02
MiBP –0.034 (–0.25 to 0.19) 0.76 –0.0001 (–0.021 to 0.021) 0.99 0.003 (–0.076 to 0.081) 0.94
MnBP –0.071 (–0.31 to 0.17) 0.56 –0.013 (–0.036 to 0.0010) 0.28 –0.029 (–0.11 to 0.056) 0.50
MCPP –0.26 (–0.44 to –0.069) 0.007 –0.024 (–0.042 to –0.0057) 0.01 0.011 (–0.056 to 0.078) 0.74
BPA –0.003 (–0.23 to 0.22) 0.98 0.0010 (–0.021 to 0.023) 0.93 0.053 (–0.027 to 0.13) 0.20
 Total T3 (ng/dL) ln-Free T3 (pg/mL) ln-Thyroglobulin (ng/mL)
MEHP 2.41 (0.39 to 4.42) 0.02 0.0048 (–0.0046 to 0.014) 0.32 0.008 (–0.071 to 0.087) 0.84
MEHHP 2.56 (0.51 to 4.60) 0.01 0.0041 (–0.0055 to 0.014) 0.40 0.015 (–0.066 to 0.095) 0.72
MEOHP 2.76 (0.68 to 4.83) 0.009 0.0037 (–0.0061 to 0.013) 0.46 0.021 (–0.060 to 0.10) 0.61
MECPP 2.81 (0.48 to 5.14) 0.02 0.0052 (–0.0057 to 0.016) 0.35 0.020 (–0.071 to 0.11) 0.66
MiBP 2.30 (–0.81 to 5.42) 0.15 0.0083 (–0.0062 to 0.023) 0.26 –0.047 (–0.17 to 0.074) 0.45
MnBP 2.76 (–0.64 to 6.16) 0.11 0.0079 (–0.0079 to 0.024) 0.32 –0.007 (–0.14 to 0.13) 0.92
MCPP 0.61 (–2.06 to 3.28) 0.65 0.0022 (–0.010 to 0.015) 0.72 0.012 (–0.092 to 0.12) 0.82
BPA 0.43 (–2.78 to 3.64) 0.79 –0.0032 (–0.018 to 0.012) 0.67 –0.010 (–0.14 to 0.11) 0.87
aAdjusted for age, sex, race, BMI, ln-serum cotinine, ln-urinary creatinine, and ln-urinary iodine; 4 participants were missing data for BMI, 2 for serum cotinine, and 20 for urinary 
iodine. 
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191 (276) and 227 (312) µg/g creatinine for 
boys and girls, respectively (Boas et al. 2010), 
compared with 30.1 (49.5) µg/g creatinine 
in the present study. Likewise, the median 
(75th percentile) urinary MBP concentration 
in the study of Taiwanese pregnant women 
was 195 (339) µg/g creatinine.

We observed a suggestive inverse relation-
ship between BPA and total T4 among the 
adults in our analysis. In a recent study of 
men recruited through an infertility clinic, 
BPA was inversely associated with TSH but 
not related to free T4 or total T3 (Meeker 
et al. 2010). In the present study, during the 
course of our preliminary analysis we found 
a significant inverse association between BPA 
and TSH (results not shown). However, 
upon carrying out regression diagnostics we 
found that one of the three outliers that we 
eventually removed from our final models 
was highly influential, and the association 
was no longer significant when the outliers 
were not included in the analysis. Limited 
and inconsistent studies suggest BPA or its 
halogenated derivatives may inter act as an 
agonist or antagonist on the thyroid receptor 
(Diamanti-Kandarakis et al. 2009; Heimeier 
et al. 2009; Moriyama et al. 2002). Potentially 
consistent with our observation of suggestive 
inverse associations between BPA and both 
T4 and TSH, a study by Kaneko et al. (2008) 
reported that BPA suppresses TSH release 
from amphibian pituitary in a manner inde-
pendent of both the thyroid hormone feed-
back mechanism and the estrogenic activity 
of BPA. These studies and the present analysis 
suggest that BPA may alter thyroid signaling, 
but more research is needed.

There were several limitations to the pres-
ent analysis. First, because of the observa-
tional and cross-sectional study design, we 
are unable to make any conclusions regarding 
causation in the relationships between BPA or 
phthalate exposure and thyroid measures. In 
addition, only one urine sample per subject 
was analyzed for BPA and phthalate metabo-
lite concentrations, which may not be repre-
sentative of the average body burden of the 
subject, because these chemicals are metabo-
lized rapidly. The intra class correlation coef-
ficient (ICC) for phthalates in repeated urine 
samples collected over weeks or months ranges 
from 0.2 to 0.7 and differs by metabo lite 
(Hauser et al. 2004; Peck et al. 2010; Suzuki 
et al. 2009; Teitelbaum et al. 2008). The ICC 
for BPA is likely even lower, between 0.1 and 
0.3 (Mahalingaiah et al. 2008; Meeker et al. 
2011; Teitelbaum et al. 2008). It is possible 
that the higher temporal variability in urinary 
BPA led to increased exposure measurement 
error and weaker effect estimates in relation 
to thyroid measures. However, previous stud-
ies have demon strated that single spot urine 
samples of phthalate or BPA concentrations 

may be moderately representative of long-
term averages when categorized into broad 
exposure groups (e.g., quintiles) (Hauser et al. 
2004, Mahalingaiah et al. 2008). The data 
set was also limited to serum thyroid meas-
ures collected at a single time point for each 
participant, although Andersen et al. (2002) 
demonstrated that thyroid function measures 
within an individual are maintained within 
relatively narrow limits over time. 

Conclusions
Overall, this analysis of a representative 
sample of U.S. adults and adolescents sup-
ports the previous reports of a relation ship 
between urinary phthalate metabo lites and 
serum thyroid hormone levels. We also found 
suggestive evidence for relation ships involving 
BPA. More detailed studies of populations 
at various life stages are needed to reconcile 
the specific findings of the limited human 
and animal research conducted in this area 
to date, establish the temporal relationships 
between markers of exposure and effect, eluci-
date the biologic mechanism(s) involved, and 
determine the potential clinical and public 
health implications of these associations.
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